In this study, the anoxic oxidation of arsenite (As(III)) linked to chemolithotrophic denitrification was shown to be feasible in continuous bioreactors. Biological oxidation of As(III) was stable over prolonged periods of operation ranging up to 3 years in continuous denitrifying bioreactors with granular biofilms. As(III) was removed with a high conversion efficiency (> 92%) to arsenate (As(V)) in periods with high volumetric loadings (e.g. 3.5 to 5.1 mmol As L reactor −1 d −1 ). The maximum specific activity of sampled granular sludge from the bioreactors was 0.98±0.04 mmol As(V) formed g −1 VSS d −1 when determined at an initial concentration of 0.5 mM As(III). The microbial population adapted to high influent concentrations of As(III) up to 5.2 mM. However, the As(III) oxidation process was severely inhibited when 7.6 to 8.1 mM As(III) was fed. Activity was restored upon lowering the As(III) concentration to 3.8 mM. Several experimental strategies were utilized to demonstrate a dependence of the nitrate removal on As(III) oxidation as well as a dependence of the As(III) removal on nitrate reduction. The molar stoichiometric ratio of As(V) formed to nitrate removed (corrected for endogenous denitrification) in the bioreactors approximated 2.5, indicating complete denitrification was occurring. As(III) oxidation was also shown to be linked to the complete denitrification of NO 3 − to N 2 gas by demonstrating a significantly enhanced production of N 2 beyond the background endogenous production in a batch bioassay spiked with 3.5 mM As(III). The N 2 production also corresponded closely to the expected stoichiometry of 2.5 mol As(III) mol −1 N 2 -N for complete denitrification.
Introduction
Arsenic (As) contamination in drinking water resources is a global health problem affecting numerous countries (Smedley and Kinniburgh 2002) . Industrial, agricultural and mining activities as well as the natural weathering of arsenic bearing rocks and sediments are important sources of arsenic in groundwater (Oremland and Stolz 2003; Sierra-Alvarez et al. 2004; Smedley and Kinniburgh 2002) . In circumneutral aqueous environments, the predominant forms of As are inorganic arsenate (As(V)) and arsenite (As(III)). As(III) is substantially more toxic than As(V) (Abdullaev et al. 2001; Sierra-Alvarez et al. 2004) . As(III) is also more weakly bound to the surface of clay and aluminum hydroxides (Lin and Wu 2001; Manning and Goldberg 1997) . Therefore microbial conversions between As species have a significant impact on the toxicity and mobility of As (Oremland et al. 2005) .
As(III)-oxidizing microorganisms are widespread in the environment (Inskeep et al. 2007; Rhine et al. 2007; Stolz et al. 2006) . Heterotrophic and chemoautotrophic microorganisms have been reported to oxidize As(III) under aerobic (Inskeep et al. 2007; Rhine et al. 2007) and anaerobic denitrifying conditions (Oremland et al. 2002; Rhine et al. 2006; Sun et al. 2009; Sun et al. 2008) . Several bioreactor technologies have been used to investigate the biological oxidation of As(III) in aerobic environments (Battaglia-Brunet et al. 2006; Lievremont et al. 2003; Simeonova et al. 2005) . Although aerobic microbial oxidation of As(III) occurs readily and rapidly, this process would not be feasible in anaerobic groundwater. Nitrate can considered as an alternative oxidant with advantages over elemental oxygen due to its high solubility and lower reactivity which together enable it to be better dispersed in the saturated subsurface (Nolan et al. 1997) . Chemolithotrophic denitrifying bioreactors have been proposed for groundwater treatment utilizing various inorganic electron donors such as elemental sulfur (S°) (Sierra-Alvarez et al. 2007) , sulfide (H 2 S) (Kleerebezem and Mendez 2002) , and hydrogen (H 2 ) (Lee and Rittmann 2002) .
The objective of this research was to explore whether As(III) can be efficiently oxidized in a continuous denitrifying bioreactor. The specific goals of this study were to demonstrate the dependence of the anoxic oxidation of As(III) on the presence of nitrate, determine if the reaction is due to complete denitrification, and acclimate the microbial population to high influent concentrations of As(III).
Material and Methods

Microorganisms
Chemolithotrophic sulfoxidizing denitrifying granular sludge was obtained from a laboratory-scale denitrifying bioreactor (TDE) fed with a synthetic wastewater containing nitrate (39 mM) and thiosulfate (20 mM). Methanogenic granular sludge was obtained from a full-scale upward flow anaerobic sludge blanked (UASB) treating alcohol distillery wastewater (NGS) (Nedalco, Bergemop Zoom, The Netherlands). The content of volatile suspended solids (VSS) in the denitrifying and methanogenic sludges was 5.76±0.18 and 5.96±0.28% on a wet weight basis, respectively. The granular sludge samples were washed and sieved before use to remove fines. The inocula were stored in N 2 gas at 4°C.
Basal medium
The standard basal medium for the continuous columns was prepared using Milli-Q water and contained the following (mg l −1 ): NH 4 
Continuous columns
Two laboratory-scale flow-through columns (420 ml), R1 and R2, were operated in parallel ( Figure 1A ) under anoxic conditions. Both reactors were seeded with 12.44 g VSS l −1 TDE. R1 was continuously fed with As(III) and nitrate; R2 was a control reactor without nitrate. R1 was supplied with the basal medium containing As(III) (0.5, 2.5 and 3.8 mM, depending on period), nitrate (2.5 and 6.4 mM), and bicarbonate. The feed of R2 was prepared similarly but nitrate addition was omitted. The columns were operated for a period of 608 days and the operation was divided into five periods, which could be distinguished based on the concentration of arsenic as shown in the Table S1 (supporting information). A larger bench-scale UASB column (2 l), R3, was used in a second experiment ( Figure 1B ). This reactor was inoculated with 27 g VSS l −1 of NGS. The reactor was fed with the basal medium and As(III), nitrate (6.57±0.46 mM) and and bicarbonate. The concentrations of As(III) varied according to operational periods (Table S2 , supporting information). The average hydraulic retention time (HRT) of the columns in both experiments was approximately 1 d. All columns were placed in a climate controlled room at 30±2°C and covered with aluminum foil to avoid light exposure. The pH of the influent was adjusted to 7.2 with NaOH or HCl, as required. The influent was maintained at all times under an N 2 atmosphere to prevent dissolved oxygen from entering the medium. Influent and effluent samples were prepared immediately for analysis. The pH value was determined immediately after sampling. Samples for analysis of As speciation, NO 3 − and NO 2 − were centrifuged (10,000 rpm. 10 min) or filtered (0.45 μm membrane filter) prior to dilution. The samples for analysis of As speciation were stored at −20°C, and NO 3 − and NO 2 − samples were stored at 4 °C.
A second continuous experiment using a larger volume bioreactor (R3) was initiated with a methanogenic granular sludge with no prior exposure to As(III). R3 was operated for a period of 1,045 days and the operation was divided into fourteen periods, which were distinguished based on the concentration of As and the inclusion of NO 3 − as shown in Table   S2 . The volumetric loadings of As(III) ranged from 0.38-7.20 mmol As L reactor −1 d −1 during the different periods. The NO 3 − concentration supplied (6.4 mM) was in excess of the concentration required for stoichiometric conversion of As(III) to As(V). The reactor monitoring was as described above for R1 and R2.
Batch bioassay
Batch bioassays were performed in shaken flasks, which were incubated in a dark climatecontrolled room at 30±2°C (see Supporting Information for details of protocol).
Analytical methods
As(III) and As(V) species were analyzed by high performance liquid chromatographyinductively coupled plasma-mass spectroscopy (HPLC-ICP-MS) (see Supporting Information for details of analysis). Nitrate, nitrite and arsenate (As(V)) were analyzed by suppressed conductivity ion chromatography using a Dionex 500 system (Sunnyvale, CA, USA) fitted with a Dionex IonPac AS11 analytical column (4 × 250 mm) a AG16 guard column (4 mm × 40 mm). During each injection the eluent (20 mM KOH) was used for 20 min. N 2 and N 2 O were analyzed using a Hewlett Packard 5890 Series II gas chromatograph fitted with a Carboxen™ 1010 Plot column (30 m × 0.32 mm) and a thermal conductivity detector. The temperatures of the column, the injector port and the detector were 220, 110 and 100°C, respectively. Helium was used as the carrier gas and the injection volume was 100 μl. Ammonia was analyzed spectrophotometrically at a wavelength of 510 mm. The analytical determination was conducted according to Standard Methods (APHA 1999).
Other analytical determinations (e.g. pH, TSS, VSS, etc.) were conducted according to Standard Methods (APHA 1999).
Results
Nitrate-dependent oxidation of As(III) to As(V) in continuous laboratory bioreactors
A summary of performance data for the two laboratory continuous bioreactors (R1 and R2) is presented in Table 1 . The microbial oxidation of As(III) and the concomitant formation of As(V) is illustrated in Figure 2A and 2B for R1. The poor conversion of As(III) to As(V) in R2 is shown in Figure 2C and 2D. The results indicated that the microbial oxidation of As(III) in R1 could be attributed to the addition of nitrate, and its use as an electron acceptor for As(III) oxidation. Likewise, the absence of contaminating O 2 in the influent was verified by the lack of any significant As(III) oxidation in R2. The initial period (period I, d 0-153) was utilized for the cultivation of an enrichment in the sludge capable of linking As(III) oxidation to denitrification. In period II (Day 154-309) and III (d 310-511), the influent concentration of As(III) was raised from 0.5 mM to 2.9 and 3.8 mM, respectively. The dominant As species in the effluent of R1 was As(V), indicating the occurrence of As(III) oxidation under denitrifying conditions. The formation of As(V) in the effluent corresponded almost stoichiometrically with the removal of As(III) in the influent, indicating that As(V) was the main product of the conversion. As(III) was efficiently oxidized in R1 with removal efficiencies of 87.6±8.8 and 92.7±10.6%, respectively, compared with nearly no oxidation in the control column (R2) during the period II and III. The volumetric loadings of As(III) in R1 was 2.39±0.47 and 3.56±0.71 mmol As L r −1 d −1
for period II and III, respectively, where L r refers to the empty bed volume of the reactors. In period IV (d 512-540), the As(III) feed was interrupted. In period V (d 541-608), feeding of As(III) was reestablished at 3.6 mM. After 28 d of operation without As(III), the anaerobic denitrifying microbes in the R1 column readily oxidized As(III) to As(V). The reactor became fully stable after a recovery period of 3 weeks. The As(III) removal efficiency of 98.6% was similar to the previous efficiency in period III. Figure 3 illustrates the oxidation efficiency of As(III) to As(V) during the whole operation of both columns. The As(III) removal efficiencies for the R1 were very stable with average value of 93.0% and the production yield of As(V) formed to As(III) removed was more than 90%. In comparison, negligible oxidation of As(III) to As(V) was observed in the R2. stoichiometric requirement is 1.0 and 1.5 mM NO 3 − for 2.5 and 3.8 mM As(III), respectively. In period IV (d 512-540), the endogenous consumption of NO 3 − in the absence of As(III) was measured as 1.18±0.31 mM. In those periods, the effluent concentration of NO 3 − increased. When As(III) was fed again, the gradual increase in the As(III) oxidation to As(V) was reflected by a gradual decrease of NO 3 − concentration in the effluent as a result of an increase in the NO 3 − -consumption. The results indicate that a large fraction of the NO 3 − consumption was dependent on As(III) oxidation. The molar ratio of As(V) formed compared to NO 3 − consumed involved in the coupled reactions was calculated from the formation of As(V) (ΔAs(V)) and the corrected NO 3 − (ΔNO 3 − ) consumption. The background NO 3 − consumption in periods without As(III) is referred to as the "endogenous" consumption of NO 3 − and it is most likely due to native biomass being used as electron donor. To calculate the NO 3 − -consumption linked to As(III) oxidation, the total nitrate consumption was "corrected" by subtracting, the endogenous NO 3 − -consumption.
For the periods II, III and V, the calculated molar ratios of ΔAs(V): ΔNO 3 − are presented in Table 1 . These ratios are very close to the theoretical stoichiometry ratio of 2.5 for As(III) oxidation linked to complete denitrification of NO 3 − to N 2 as shown in eq. 1. The production of nitrite (NO 2 − ) and ammonium (NH 4 + ), two possible products from the microbial degradation of NO 3 − , were never detected in the effluent of R1 and R2. These findings indicate that nitrate was completely denitrified to the benign end product, N 2 .
[eq. 1]
Kinetics of chemolithotrophic As(III) oxidizers in the sludge in the column R1
To study the specific activity of sludge taken from R1, a batch assay was conducted with basal medium amended with 0.5 and 1.5 mM As(III) as the electron donor, and 5 mM NO 3 − as the electron acceptor. The maximum specific activities normalized to volatile suspended solids (VSS) are 0.98±0.04 and 0.73±0.02 mmol As(V) formed g −1 VSS d −1 for 0.5 and 1.5 mM As(III), respectively. To better understand the growth kinetics, batch assays were established with a very low inoculum concentration of 0.05 g VSS l −1 . The growth rate of the population of As(III)-oxidizing bacteria with an initial As(III) concentration of 1 mM was estimated from ln(ΔAs(V) and ln(ΔN 2 ) versus time graphs (not shown), indicating doubling times of 9.7 to 13.5 d.
Terminal products of autotrophic denitrification linked to As(III) oxidation to As(V)
A batch experiment was set up with the biofilm obtained from R1 in order to confirm that N 2 gas was the end product of nitrate reduction. The results shown in Figure 5A demonstrate the time course of As(III) removal and As(V) formation in the presence of nitrate, as well as in control treatments without nitrate, abiotic controls and an additional treatment amended with acetylene (C 2 H 2 ) in the headspace to inhibit the final step of denitrification and favor accumulation of N 2 O. The C 2 H 2 was injected on day 15 to avoid an initial inhibition of the reaction. In all treatments, the formation of As(V) corresponded to an almost stoichiometric elimination of As(III). The results indicated that the enriched microbial consortium could readily oxidize all As(III) to As(V) within 60 days in the presence of nitrate as electron acceptor without any lag phase. Before C 2 H 2 was added, there was already 31.7% of As(III) oxidized to As(V). By the end of the experiment, only 52.0±13.9% of the initial As(III) in the treatments with C 2 H 2 was oxidized to As(V), compared with 99.8±0.24% conversion in the treatment lacking C 2 H 2 . The possible products from NO 3 − reduction, including NO 2 − , NO, N 2 O, N 2 and NH 4 + , were also monitored to determine the fate of NO 3 − in the anoxic oxidation of As(III).
Figures 5B and 5C demonstrate that N 2 was the only end product in the treatment without C 2 H 2 . In the treatment with C 2 H 2 , N 2 O had accumulated and no further reduction was observed. The results provide direct evidence that N 2 was formed from nitrate reduction linked to oxidation of As(III) to As(V). In the treatment without C 2 H 2 , the formation of N 2 -N corresponded to 100.3±12.0% of the measured net removal of NO 3 − -N, also confirming that N 2 was the only product from NO 3 − . The As and N mass balances determined in this experiment are shown in Table 2 . The molar ratio of As: NO 3 − involved in the reaction was calculated from the As(V) formed (ΔAs(V)) to the NO 3 − (ΔNO 3 − )
consumption corrected for NO 3 − removed in the endogenous control and N 2 -N (ΔN 2 -N) formation (corrected for the endogenous N 2 formation). The calculated ratios of ΔAs(V) to ΔNO 3 − and ΔN 2 -N were 2.41±0.05 and 2.42±0.25, respectively, which are very close to the theoretical stoichiometric ratio of 2.5 (eq. 1) for As(III) oxidation linked to complete denitrification. Accumulation of NO 2 − , NO, or NH 4 + was not detected in any of the treatments. These results confirm that R1 biofilm is capable of denitrification to N 2 when utilizing As(III) as the electron donor.
Nitrate-dependent oxidation of As(III) to As(V) in continuous bench-scale bioreactor
The anoxic oxidation of As(III) and the concomitant formation of As(V) in reactor R3 as a function of time are illustrated in Figures 6A and 6B , respectively. Table 3 summarizes the speciation of the As in the reactor effluent. During the first 477 d (periods I-VI), the influent As(III) concentration was gradually incremented from 0.5 mM until reaching 5.0 mM in the period VII, while the concentration of NO 3 − was constant at 6.4 mM. The denitrifying bacteria in the bioreactor were able to tolerate up to 5 mM As(III) in the influent. The highest successful loading of As(III) was 5.14 mmol As L r −1 d −1 with an As(III) removal efficiency of 92.0±5.9%. When 7.5 mM or more As(III) was applied during periods VIII and IX, there was a steady decline from 91.7±6.7% to 57.2±20.2% in the As(III) removal efficiency. R3 was remedied by lowering the influent As(III) concentration back to 3.75 mM in periods IX to X ( Figure 6A and 6B). It took 2-3 weeks for the removal efficiency to recover back to 94.8±3.4%. A gradual increase in the As(V) formation (Fig 6B) was paralleled by a gradual decrease in effluent NO 3 − concentration (Fig 6C) . In period V (day 349-403) and XI (day 800-927), the As(III) feed to R3 was interrupted. When no As(III) was added, the endogenous consumption of nitrate was measured as 0.79±0.18 and 0.30±0.24 mM respectively. Figure 6C shows the NO 3 − consumption in the bioreactor. In endogenous consumption periods, the effluent NO 3 − concentration started to increase, indicating a decrease in NO 3 − -consumption when As(III) was omitted from the feed. For the period of VI and XII when As(III) was fed again following the feed interruptions, the anaerobic denitrifying microbes readily oxidized As(III) to As(V) again. The bioreactor fully recovered in less than 2 weeks. During the recovery process, a gradual increase in the As(III) oxidation to As(V) (Fig 6A and 6B ) co-occurred with a gradual increase of the NO 3 − -consumption (Fig 6C) .
The dominant As species in the effluent was As(V) (Figure 6B ), indicating the occurrence of microbial As(III) oxidation under denitrifying conditions. The formation of As(V) in the effluent corresponded with the almost stoichiometric removal of As(III) in the influent, indicating that As(V) was the main product of the conversion. The yield of As(V) formed to As(III) converted averaged at 94.3±16.6%.
For all the experimental periods, the calculated molar ratios of ΔAs(V): ΔNO − 3 are presented in Table 3 . The molar ratio of As(III) removed and As(V) formed compared to NO − 3 -consumed averaged 2.62±0.24 and 2.71±0.21, respectively for all experimental periods with 5 mM As(III) or less. These values are very close the theoretical stoichiometry of 2.5 for complete denitrification as shown in eq. 1. They also clearly illustrate that the calculated molar ratios of ΔAs(V): ΔNO − 3 does not coincide at all with the theoretical ratio of 1 expected for the partial reduction of NO − 3 to NO − 2 , nor the ratio of 4 expected for the dissimilatory NO − 3 reduction to NH + 4 . The production of NO − 2 and NH + 4 , the possible products from the microbial degradation of NO − 3 by alternative pathways, were never detected in the effluent of R3. These findings taken together indicate that NO − 3 was completely denitrified to the benign end product, N 2 .
Discussion
Microbial oxidation of As(III) linked to denitrification in the continuous bioreactors
The anoxic oxidation of As(III) in the continuous bioreactors observed in this study showed a significant dependence on the presence of NO − 3 in the feed, confirming that the conversion was linked to denitrification. During the continuous studies with bioreactors R1 and R3, the observed biological NO − 3 -consumptions in periods fed with As(III) were much higher than the endogenous background NO − 3 -consumption in periods when As(III) was omitted. The molar ratio of As(III) removed (or As(V) formed) to NO − 3 -consumed (corrected for endogenous consumption) was approximately equal to the theoretically expected value of 2.5 for complete denitrification of NO − 3 to N 2 as shown in eq. 1. The production of nitrite (NO − 2 ) and ammonium (NH + 4 ), two possible products from the microbial degradation of NO − 3 , were never detected in the effluent of R1 and R2. These findings indicate that nitrate was completely denitrified to the benign end product, N 2 . [eq. 1] Furthermore, the batch bioassays with biofilm sampled from the bioreactors revealed that NO − 3 -consumption and N 2 -production were significantly higher in the biologically active treatments containing As(III) compared to endogenous controls without As(III). These results taken together provide compelling evidence that the chemolithotrophic denitrification process was responsible for the microbial oxidation of As(III) to As(V).
Microbial nitrate-dependent oxidation of As(III) was first reported by Oremland and collaborators (Oremland et al. 2002) . Several microorganisms capable of As(III) oxidation with nitrate have been identified recently. Alkalilimnicola ehrlichii sp. strain MLHE-1 from an As-rich, alkaline hypersaline soda lake in California (Mono Lake) (Hoeft et al. 2007) , and strains DAO1 and DAO10 were isolated from As-polluted industrial soil (Hoeft et al. 2007; Rhine et al. 2006) . As(III)-oxidizing denitrifying bacteria were also indentified in mixed cultures established from sludges and sediments with no prior exposure to As (Sun et al. 2008) . A 16S rRNA gene clone library characterization of enrichment cultures derived from the sediments and sludges indicated that the predominant phylotypes were from the genus Azoarcus and the family Comamonadaceae (Sun et al. 2009 ).
End products of denitrification linked to As(III) oxidation in the continuous bioreactors
In this study, multiple lines of evidence point to the fact that microorganisms in the biofilm of R1 and R3 reactor linked the anoxic oxidation of As(III) to complete denitrification as opposed to partial denitrification to NO − 2 or dissimilatory NO − 3 reduction to NH + 4 . Firstly, this was confirmed by the lack of any accumulation of NO − 2 or NH + 4 . Secondly, the stoichiometric ratio of As(III) oxidation to NO − 3 /NO − 2 , NO 3 − /N 2 and NO − 3 /NH + 4 would be 1, 2.5 and 4, respectively; and the observed ratios in this study were consistently approximating 2.5 (Table 1 and 3), corresponding to complete denitrification to N 2 . Thirdly, the batch study with biofilm granules sampled from bioreactor R1 confirmed the production of N 2 due to the oxidation of As(III) and the yield of N 2 corresponded to the expected stoichiometry from the electron equivalents in As(III). The measured N 2 was not an artifact of sample contamination due to leakage of atmospheric N 2 , because only negligible background levels of N 2 were measured in controls handled in the same fashion. Furthermore, inhibiting the reaction with C 2 H 2 generated N 2 O in lieu of N 2 , and N 2 O has no major atmospheric source to cause sample contamination.
Although the first chemolithoautotrophic As(III)-oxidizing denitrifying bacterium isolated, Alkalilimnicola ehrlichii sp. strain MLHE-1, only partially denitrifies NO − 3 to NO − 2 (Hoeft et al. 2007; Oremland et al. 2002) , it has already been demonstrated that some microorganisms can denitrify nitrate to N 2 when oxidizing As(III) to As(V). Evidence for Azoarcus strain DAO1 and Sinorhizobium strain DAO10 was obtained based on the stoichiometry of the reaction and the amplification of the nitrous oxide reductase gene, nosZ (Rhine et al. 2006 ). In our previous study, As(III) adsorbed on activated aluminum to alleviate toxicity, was effectively utilized as an electron donor for the denitrification to N 2 gas with natural mixed cultures (Sun et al. 2008) .
As(III) substrate inhibition on anoxic oxidation of As(III) in continuous bioreactors
The toxicity of As(V) is due mainly to its similarity in structure with phosphate. As(V) can replace phosphate and inhibit oxidative phosphorylation (Oremland and Stolz 2003; Silver and Phung 2005) . As(III) is more toxic than As(V) according to various studies (Abdullaev et al. 2001; Sierra-Alvarez et al. 2004) . As(III) can enter cells through aqua-glycerolporins and bind to thiols or vicinal sulfhydryl groups and inactivate/denature many proteins and enzymes, causing cell damage (Mukhopadhyay et al. 2002) . Although As is toxic to many bacteria, some bacteria are resistant to arsenic due to an efflux system mediated by the plasmid-or chromosomally-encoded ars operon (Silver and Phung 2005) .
The microbial population in the continuous bioreactor R1 acclimated to high concentration of As(III) up to 3.8 mM in the influent. The R3 reactor was operated with a range of As(III) concentrations in the influent from 0.5 to 8.1 mM. R3 reactor tolerated As(III) up to 5.2 mM, However, when the As(III) concentration was increased to the range of 7.6 to 8.1 mM, inhibition of As(III) oxidation became evident and the efficiency of As(III) conversion dramatically decreased. Such high concentrations of As(III) are highly toxic to microorganisms (Stasinakis et al. 2003) . The 50% inhibitory concentrations of As(III) to methanogenic activity are reported to be as low as 15 μM (Sierra-Alvarez et al. 2004) . Nine arsenic resistant strains exhibited an effective 50%-inhibiting concentration in the range of 0.27-9.73 mM (Takeuchi et al. 2007 ). In our previous batch study, mixed consortia from sludge and sediments without prior exposure to As demonstrated the capacity to oxidize As(III) linked to denitrification up to 3.5 mM, but at that concentration, the rate was severely inhibited (Sun et al. 2008 ). In the unadapted natural mixed cultures, the denitrification was inhibited as reflected by the N 2 O accumulation at 3.5 mM of As(III) (Sun et al. 2008 ). However in this study, the highly enriched biofilm from R1 reactor was able to readily link oxidation of 3.5 mM As(III) to complete denitrification of NO − 3 to N 2 without any evidence of inhibition.
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